Abstract Thermal manipulation during embryogenesis has been demonstrated to enhance the thermotolerance capacity of broilers through epigenetic modifications. Heat shock proteins (HSPs) are induced in response to stress for guarding cells against damage. The present study investigates the effect of thermal conditioning during embryogenesis and thermal challenge at 42 days of age on HSP gene and protein expression, DNA methylation and in vitro luciferase assay in brain tissue of Naked Neck (NN) and Punjab Broiler-2 (PB-2) chicken. On the 15th day of incubation, fertile eggs from two breeds, NN and PB-2, were randomly divided in to two groups: control (C)-eggs were incubated under standard incubation conditions, and thermal conditioning (TC)-eggs were exposed to higher incubation temperature (40.5°C) for 3 h on the 15th, 16th, and 17th days of incubation. The chicks obtained from each group were further subdivided and reared under different environmental conditions from the 15th to the 42nd day as normal [N; 25 ± 1°C, 70% relative humidity (RH)] and heat exposed (HE; 35 ± 1°C, 50% RH) resulting in four treatment groups (CN, CHE, TCN, and TCHE). The results revealed that HSP promoter activity was stronger in CHE, which had lesser methylation and higher gene expression. The activity of promoter region was lesser in TCHE birds that were thermally manipulated at the embryonic stage, thus reflecting their stress-free condition. This was confirmed by the lower level of mRNA expression of all the HSP genes. In conclusion, thermal conditioning during embryogenesis has a positive impact and improves chicken thermotolerance capacity in postnatal life.
Introduction
Summers in tropical countries foster severe heat stress in birds and animals. When the environmental temperature rises as high as 45°C, it leads to the production of excess quantities of reactive oxygen species (ROS) causing damage to the cellular phospholipid membrane and other macromolecules (Wiseman and Halliwell 1996) . Poultry is an important sector of livestock production in the world, particularly in the tropics where it is an affordable source of animal protein to populations generally lacking in acquisitive abilities (Almeida and Cardoso 2001) . Higher environmental temperature is the major threat for poultry production in the tropics where birds are generally reared in open sheds.
Poultry performance is impaired by environmental temperature changes; huge losses are incurred due to elevated stress, reduction in reproductive efficacy, loss of productivity, diminished immunological potency, and demand for heavier investment to alleviate the impact produced by climatic fluctuations (Rajkumar et al. 2011) . Heat stress results in reduced growth rate, feed efficiency, intestinal injury, egg shell quality, and survivability in chicken (Mashaly et al. 2004; Quinteiro-Filho et al. 2010) . To combat physical, chemical, and biological stress situations such as heat stress, a class of proteins called heat shock proteins (HSPs) are synthesized (Staib et al. 2007) .
HSPs consist of several families of highly conserved proteins found in all living organisms (Lindquist and Craig 1988) . The HSPs are broadly classified into distinct families, viz., HSP 100, HSP 90, HSP 70, HSP 60, and small HSPs, based on their molecular weight. These HSPs might be involved in cellular protection in adverse situations, and a relationship has been proposed between the development of thermotolerance and HSP synthesis (Parsell and Lindquist 1994) . HSP expression was regulated at the transcriptional and translational levels (Akerfelt et al. 2010 ). The part played by heat shock proteins in the intensely complicated process of thermotolerance in poultry has not been fully unveiled.
Epigenetic modifications by prenatal thermal manipulation generate physiological memory that facilitates better thermal adaptation during the postnatal period (Yahav 2009 ). Epigenetic adaptation is based on the assumption that environmental factors, particularly ambient temperature, have an influence on the physiological control system during the critical phase of development (Dorner 1974 ) that may stimulate variation in the thermoregulatory system. Epidemiological studies in humans and genetic studies in animals have revealed that, in addition to the DNA sequence, epigenetic markers may be transmitted across generations leaving an impact on the phenotype of offspring (Jablonka and Raz, 2009 ).
DNA methylation is one of the main epigenetic modification mechanisms in eukaryotic organisms, playing a crucial role in the regulation of gene expression (Jost and Saluz 1993) . The DNA methylation occurs mainly within CpG dinucleotide sites, with the exception of some plants, fungi, and invertebrates where it was reported in other C bases (Zemach et al. 2010 ). In the promoter region, the CpG island methylation blocks binding of protein at these methylated sites, thereby inhibiting gene transcription (Kuroda et al. 2009 ). However, it is hard to establish the link between methylation and gene expression. However, an alteration in the level of methylation is expected when the organism is subjected to certain specific stimuli. Based on the results of these studies and the functions exerted during gene expression, it may be noted that differences in methylation level and pattern may serve as an important factor in the regulation of tissuespecific genetic expression and cellular differentiation (Yang et al. 2011 ).
The present study was undertaken to profile the DNA methylation patterns in the brain tissue of HSP promoter region to identify the methylated genes involved in thermal adaptation. Additionally, the transcription profiles of HSP promoter regions were analyzed using dual luciferase assay, and an association analysis between DNA methylation and gene expression level in Naked Neck (NN) and Punjab Broiler-2 (PB-2) chicken was performed.
Material and methods
The experiment was conducted at ICAR-Directorate of Poultry Research, Hyderabad, and Veterinary College and Research Institute, Namakkal, Tamilnadu. The experiment was approved by the Institutional Animal Ethics Committee.
Experimental population
A total of 904 eggs collected from PB-2 (384) and NN (520) lines were incubated at standard temperature and humidity till 14th day. On day 15, the eggs from each breed were randomly distributed into two groups. The group labeled thermal conditioning (TC) comprising of 192 PB-2 and 260 NN eggs were exposed to a higher incubation temperature of 40.5°C (3°C above the standard incubation temperature 37.5°C) for 3 h a day on the 15th, 16th, and 17th days of incubation. The relative humidity was maintained at 65% during the exposure. A similar number of eggs belonging to the control (C) group were kept under standard incubation conditions. On the 18th day of incubation, eggs were candled, and those eggs showing embryonic growth were transferred into a hatcher compartment and incubation continued until the 21st day.
Rearing and management
The chicks reared under deep litter system till day 14 posthatch were arbitrarily segregated at the rate of six birds per brooder pen in an automatically controlled environmental house. The chicks of each breed were further divided into two groups, namely, normal (N) and heat exposed (HE), in control and embryonic thermal conditioned groups making four groups in total, viz., control normal (CN), control heat exposure (CHE), thermal conditioned normal (TCN), and thermal conditioned heat exposure (TCHE) with 18 replicates. The HE groups were reared at 35 ± 1°C and 50% relative humidity (RH) throughout the experimental period (15th to 42nd day), while N groups were reared at 25 ± 1°C, 70% RH. The chicks were vaccinated against Newcastle disease on the 7th day and infectious bursal disease on the 14th and 24th days.
Sample collection
Following strict aseptic precautions, brain tissue was isolated from C and TC embryos (n = 6) of PB-2 and NN breeds at the end of the 17th day of incubation. On day 42, from 10 birds in each group, blood samples were collected in EDTA containing tubes and centrifuged at 3000×g for 10 min to separate plasma for hormonal assay. Six birds from each group were sacrificed by decapitation, exsanguinated, and manually eviscerated, and the brain samples were collected and stored at −70°C until further analysis.
Hormonal analysis
The total tri-iodothyronine (RFCL Ltd., India) and corticosterone (Neogen Corporation, USA) levels were determined using commercially available kits. The intra-assay coefficient of variation and sensitivity was 10%.
RNA extraction and cDNA synthesis
The total RNA was extracted from brain tissue using SV total RNA isolation system (Promega, USA) according to standard protocol. The purity was determined by measuring absorbance in Genova nano (Jenway, UK). cDNA was built using a highcapacity cDNA reverse transcription kit (Applied Biosystems, USA). With a random primer and reverse transcriptase enzyme, first-strand cDNA was synthesized from 1.5 μg of each of the total RNA samples as per the manufacturer's protocol.
Real-time quantitative PCR (RT-qPCR)
The relative mRNA expression was assessed by Mx-3000P spectroflurometric thermocycler (Stratagene, USA). The firststrand cDNAs were utilized as a template to amplify genespecific primers for HSP 90 alpha, HSP 90 beta, HSP 70, HSP 60, HSP 27, Ubiquitin, and reference genes GPDH and HPRT. The reactions were performed in a 25-μl volume of SYBR green master mix (Sigma, USA) with 10 pM of each primer (Table 1) . The amplification protocol used is as follows: initial denaturation at 95°C for 2 min, followed by 40 cycles of cyclic denaturation at 94°C for 15 s, annealing at 59°C for 1 min, and extension at 72°C for 15 s. Relative quantification of mRNA expression was estimated using Ct values. The Ct value is the fractional cycle number at which the amount of amplified target reaches a fixed threshold. The level of target genes relative to endogenous control was assessed by 2 −ΔΔCt formula and expressed in fold change.
Immunoblot assay
For protein preparation, brain tissue was boiled at 95°C for 5 min in 2× lysis buffer (Laemmli 1970) and cooled in an ice bath for 5 min. Particulate matter was removed by centrifuging the tubes at 12,000×g for 5 min. The protein content was quantified using Genova nano (Jenway, UK) and about 75 μg of protein was subjected to SDS-PAGE (12-14%). Proteins in the slab gel were transferred to a PVDF membrane (Amersham, USA) which was blocked with 5% bovine serum albumin for western blot analysis. The membrane was then incubated overnight at 4°C with HSP antibodies, namely, HSP 90 alpha and beta, HSP 70, HSP 60, and ubiquitin (Cell Signaling Technology, USA), and reacted with goat-anti rabbit conjugated with horseradish peroxidase. Diaminobenzidine was the substrate used for the development of color, and intensities of the protein bands were measured using ImageJ software.
Genomic DNA isolation and bisulfite conversion for methylation studies
The purity and quantity of genomic DNA extracted from brain tissue using phenol-chloroform (Sambrook and Russell 2001) were ascertained using Genova nano (UK). Bisulfite reaction mix was prepared in RNase-and DNase-free PCR tubes in strict accordance with the manufacturer's instructions (EpiTect kit; Qiagen, USA) and DNA bisulfite conversion performed in a thermal cycler (Eppendorf, ROS). The thermal profile of bisulfite conversion is as follows: denaturation at 95°C for 5 min, incubation at 60°C for 25 min, denaturation at 95°C for 5 min, incubation at 60°C for 85 min, denaturation at 95°C for 5 min, incubation at 60°C for 175 min, and hold at 4°C. After incubation, the product was transferred to a spin column and eluted as per the manufacturer's directions, and the converted DNA was stored at −40°C until further studies.
Amplification of the HSP promoter region
The upstream region of all HSP genes (HSP 90 alpha, HSP 90 beta, HSP 70, HSP 60, and ubiquitin) was analyzed using Proscan and Transcription Factor (TF) search software. This analysis helped to define the transcription start site and binding site of the transcription factor. Primers were designed for HSP 90 alpha, HSP 90 beta, HSP 70, HSP 60, and ubiquitin promoter region using MethPrimer online software and Methyl Primer Express software (Table 2) . PCR was performed in a total volume of 50 μl with 26.25 μl of Hi fidelity KAPA uracil Taq polymerase, 2.5 μl of the forward and reverse primers each, 5 μl of bisulfite converted DNA, and 13.75 μl of nuclease-free water. The PCR amplification program employed for all the HSP genes is initial denaturation at 95°C for 2 min followed by 40 cycles of cyclic denaturation at 98°C for 20 s, annealing at 60°C for 1 min, extension at 72°C for 30 s, and a final extension at 72°C for 10 min. The resultant products were confirmed by agarose gel electrophoresis and purified (QIAquick gel extraction kit Invitrogen) in compliance with the specifications and sequenced to identify the methylation sites of each treatment group (n = 3) in both breeds. The bisulfite converted sequencing outcome was then contrasted against the non-converted sample, which was followed by evaluation of the percentage of CpG based upon the conversion ratio of C to T and C to C.
Expression of HSP promoter regions by cloning, transfection, and dual luciferase reporter assay
The HSP promoter regions of all treatment categories belonging to NN and PB-2 were cloned into a pGL3 basic vector, a promoter-less vector (Promega, USA), between the regions Mlu I and Hind III. The restriction sites were included in the starting region of forward and reverse strands (Table 2) .
Chick embryo fibroblast cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (Invitrogen, USA) and 10% antibiotic-antimycotic solution (Himedia, India) and transfected at a density of 1.5 × 10 5 cells/ well with 500 ng of plasmid DNA containing HSP promoter regions using Lipofectamine™ 2000 (Invitrogen, USA) as per the instruction of the manufacturer. An internal control for calculating transfection efficiency, 50 ng of pRL-TK control plasmid encoding renilla reniformis luciferase (Promega,USA) was used. pGL3 basic vector (non-transformant) served as a negative control. After transfection, the plates were incubated for 6 h and replaced with growth medium and incubated for 24 h. Dead cells and debris were removed by washing with phosphate-buffered saline, cells were harvested as per instructions for dual luciferase assay system (Promega, USA), and reporter assay was performed in a single-tube luminometer, Max glow 20/20 (Promega, USA). Each reaction was repeated thrice and the values were normalized with the internal control vector pRLTK. Transcription activity was calculated by fold change method (Schagat et al. 2007 ).
2DE (two-dimensional gel electrophoresis) and MALDI-TOF
Brain tissue weighing 100 mg was triturated in 750 μl of lysis buffer. The supernatant was separated, precipitated with 800 μl of acetone and 100 μl of Tri chloro aceticacid (TCA) solution, and incubated for 1 h at −20°C. Then the mixture was centrifuged at 15,000 rpm for 15 min. Supernatants were precipitated by adding 500 μl of ice-cold acetone containing dithiothreitol (DTT) and centrifuged at high speed. Excess of the supernatant was removed by lyophilization. The lyophilized pellet was rehydrated with 100 μl of rehydration buffer and stored at − 80°C for further use. Protein was estimated using Qubit™ assays. The absorbance of the sample was measured using a Qubit® fluorometer (Invitrogen) and concentration expressed as micrograms per milliliter. One-dimensional gel electrophoresis was performed using 200 μg of protein. The sample was rehydrated overnight in a 7-cm linear immobilized pH gradient strip (IPG strips) with a broad range of pH (3 to 10). After rehydration, isoelectric focusing was carried out in PROTEAN® IEF CELL (Biorad) by the following programs: 250 V (linear) for 15 min, 4000 V (linear) for 2 h, and 4000 V (rapid) until it reaches 10,000 V. After completing isoelectric focusing, the strips were equilibrated in equilibration buffer I containing DTT for 10 min and equilibration buffer II containing iodoacetamide for 5 min. After completing firstdimensional gel electrophoresis, the second-dimensional gel electrophoresis was performed in 12% SDS-PAGE and electrophoresis was carried out at 100 V for 1 h in a Biorad Mini-PROTEAN system. The slab gel was stained overnight in 0.1% Coomassie brilliant blue R-250 (Sigma) and destained with destaining solution. The gels were placed in triple distilled water and analyzed in a calibrated densitometer scanner (Biorad) using PD quest 8.01 software (Biorad).
The newly identified spot was eluted and digested using trypsin and examined by MALDI-TOF/TOF Biorad mini-protean system instrument. Further analysis was done with flex analysis software for obtaining the peptide mass fingerprint. The obtained peptide mass fingerprint was submitted for Mascot search in Bconcerned^database for identification of the protein.
Statistical analysis
All data were analyzed using two-factorial ANOVA, and the main effects (breed and treatment) and their interactions were evaluated using the SPSS 15 software. Treatment means that were significant were further subjected to Turkey's post hoc test. Association between gene expression and methylation was done by Pearson correlation analysis.
Results

Hatchability
No significant effect was observed in the hatchability of the eggs of NN (C, 75.12%; TC, 72.46%) and PB-2 (C, 77.42%; TC, 84.09%) following exposure to a temperature of 3°C above the standard incubation temperature for 3 h a day. Moreover, notable variations could not be observed in the hatchability rate of the two breeds.
Body weight
Body weight of C and TC chicks demonstrated no significant difference when measured on the 1st and 14th days (Supplemental Table 1 ). However, a significant difference (P ≤ 0.05) could be made out on recording the body weight of the chicks on days 21, 28, 35, and 42 (Supplemental Table 2 ). The TCN chicks showed a significantly increased growth rate on comparing with the CHE and TCHE groups, on day 21. In the CN group, the rate of growth was quite similar to the rest of the groups. On the 28th day, TCN chicks weighed highest followed by CN and TCHE, while CHE weighed the least. On day 35, body weight was highest in CN and TCN and minimum in CHE. Body weights illustrated by the 42-day-old chicken closely resembled the weights measured on day 28. There was no noteworthy breed difference in body weight implying a homogeneous growth rate pattern in the PB-2 and NN.
Hormones
Plasma levels of tri-iodothyronine (T 3 ) and corticosterone level were measured on day 42. The T 3 concentration was significantly (P ≤ 0.05) elevated in CN in comparison to CHE, TCN and TCHE chicken of both NN and PB-2 breeds (Table 3) . On the other hand, corticosterone in birds was significantly (P ≤ 0.05) elevated in CHE than in the TCHE group.
Gene expression
All the HSP genes examined (HSP 27, HSP 60, HSP 70, HSP 90 alpha, HSP 90 beta, and ubiquitin) in the brain tissue of 17th-day TC embryos exhibited a significant upregulation (P ≤ 0.05) in the relative mRNA expression whereas it was downregulated in the C group of both NN and PB-2 ( Fig. 1) with the exception of HSP 60 that did not show any significant change in both breeds (Fig. 1) .
mRNA expression of HSP 90 alpha, HSP 90 beta, HSP 70, HSP 60, HSP 27, and ubiquitin gene in brain tissue of 42-dayold chicks are shown in Figs. 2 and 3. In both NN and PB-2, the mRNA expression of all the HSP genes studied was significantly (P ≤ 0.05) downregulated in TCHE chicks with respect to CHE chicks. Furthermore, CHE chicks showed the highest expression of all HSP genes.
Protein expression
The immunoblot results of HSP 90 alpha and beta, HSP 70, HSP 60, and ubiquitin protein revealed significantly (P ≤ 0.05) higher protein band intensity in TC embryo compared to C embryo of both NN and PB-2 chicken, in brain tissue (Supplemental Fig. 1 ).
All HSPs studied from brain tissue of 42-day-old chicks had significantly (P ≤ 0.05) lower expression in the TCHE group when compared to the CHE group of both NN and PB-2 (Supplemental Fig. 2; Figs. 4 , 5, and 6). The results revealed a direct correlation between protein expression and mRNA expression.
Promoter methylation of HSP 90 alpha gene
The sequencing results revealed that the HSP 90 alpha was methylated in both C and TC groups of 17th-day embryo, with no significant difference between the breed and treatment (Table 4 ).
In 42-day-old chicks of both NN and PB-2, HSP 90 alpha promoter region was significantly (P ≤ 0.05) hypermethylated in the TCHE group and significantly (P ≤ 0.05) hypomethylated in the CN, TCN, and CHE groups. There was no significant difference observed a,b Mean ± SE bars bearing different alphabetswithin a breed differ significantly (P<0.05). Mean ± SE bars bearing different alphabets within a breed differ significantly (P < 0.05) (Table 5 ). The overall methylation is higher in PB-2 (21.08 ± 0.38%) and lower in NN (19.87 ± 0.37%); however, the difference was not significant (Table 6) . CpG positions at 281, 310, and 329 were methylated in the 17th-day embryo as well as 42nd-day chick of both PB-2 and NN. In addition, the CpG site positioned at 320 and 352 had newly occurred in the TCHE group of 42nd-day chicks of both lines. Moreover, CpG located at regions 155, 160, 175, 192, 198, 208, 213, 231, 241, 259, 274, 278, 305 , and 384 were completely unmethylated throughout the experimental period.
Correlation analysis between the frequency of methylation and gene expression of HSP 90 alpha indicated that in 42-day-old chicken, methylation had an inverse relation with gene expression in all the treatment groups of NN birds. However, such an inverse relation could not be traced in PB-2 except the TCN group (Table 7) .
Promoter methylation of HSP 90 beta gene
Sequencing revealed no significant difference in the 17th-day embryo in both NN and PB-2 embryos. The average methylation of C and TC groups in NN was 6.94 ± 0.69% and 4.86 ± 0.89%. In PB-2, it was similar in both C and TC groups (5.56 ± 1.83% and 5.5 ± 0.69%) ( Table 4) .
At 42 days of age, the average methylation of CN, CHE, TCN, and TCHE groups were 17.36 ± 0.69%, 12.50 ± 1.20%, 15.97 ± 1.83%, and 18.75 ± 0.8% in NN chicks and 18.05 ± 0.69%, 12.50 ± 1.20%, 14.58 ± 1.20%, and 25.00 ± 1.20% in PB-2 chicks, respectively. This demonstrated that the methylation frequency was significantly (P ≤ 0.05) higher in the TCHE group followed by CN and TCN groups, and it was significantly (P ≤ 0.05) lower in the CHE group of both lines (Table 5 ). However, there was no significant difference between NN and PB-2. However, with regard to the overall methylation incidence, it was higher in PB-2 Mean ± SE bars bearing different alphabets differ significantly (P < 0.05). Means of different treatments were compared with CN group in a breed (17.53 ± 1.50%) and lower in NN chicks (16.14 ± 0.85%) ( Table 6 ).
The individual CpG dinucleotide profile of HSP 90 beta gene in both NN and PB-2 revealed different methylation patterns among the treatment groups at CpG regions 694, 723, 759, 798, 800, 897, and 924. These regions were also spanned by transcription factor binding sites, namely UCE, PEBP-2, GCF, and SP-1. Apart from these sites, CpG at positions 630, 742, 762, 771, 779, 805, 808, 811, 856 , and 884 were also methylated in both lines. However, CpG at positions 615, 621, 638, 648, 665, 676, 681, 698, 705, 707, 730, 733, 740, 762, 782, 811, 824, 839, 841, 843, 860, 869, 874, 878, 881, 907, 917, 919, 929 , and 933 were unmethylated in both breeds.
Comparative analysis drawn between methylation and gene expression of HSP 90 beta gene (Table 8) revealed that the gene expression and methylation of HSP 90 beta were negatively correlated in the CN, CHE, TCN, and TCHE groups of both NN and PB-2 chicks.
Promoter methylation of HSP 70 gene
The methylation of HSP 70 promoter region was insignificant in the 17th-day embryo. The average methylation incidence of C and TC groups was 6.30 ± 0.90%, 5.40 ± 0.16% in NN chicks and 9.90 ± .90%, 8.10 ± .16% in PB-2 chicks. Thus, the percentage of methylation was higher in the C group of both lines (Table 9) .
Sequencing results of 42-day-old chicks revealed noteworthy differences in the methylation pattern of the promoter region of HSP 70. Among NN chicken, TCHE showed significantly (P ≤ 0.05) higher methylation (14.4 ± 1.04%) in comparison with the other three treatments, which had significantly (P ≤ 0.05) reduced methylation: CN (6.30 ± 0.52%), TCN (6.30 ± 0.55%), and CHE (12.6 ± 1.04%). In NN, methylation occurred in sites 519, 583, 757, 767, 785, and 789. CN group was significantly (P ≤ 0.05) hypomethylated in PB-2 than the rest, while TCHE was significantly (P ≤ 0.05) Mean ± SE bars bearing different alphabets differ significantly (P < 0.05). Means of different treatments were compared with CN group in a breed hypermethylated, followed by CHE (16.21 ± 0.08%) and TCN (13.51 ± 0.10%) ( Table 4) .
The overall methylation frequency was significantly (P ≤ 0.05) higher in PB-2 (15.99 ± 0.46%), in comparison with NN (9.90 ± 0.36%) ( Table 6) .
Methylation had emerged at sites 519, 583, 757, 761, and 767 in both NN and PB-2. In addition, PB-2 birds were also methylated at positions 543, 634, 653, 683, 680, and 729. Nonetheless, CpG located at sites 425, 432, 438, 442, 452, 460, 478, 495, 498, 502, 536, 550, 554, 578, 589, 607, 609, 638, 648, 653, 658, 698, 725, 769, 778 , and 806 were completely unmethylated in both breeds.
Promoter region methylation of HSP 70 as well as its mRNA expression was negatively associated in the control and heat-treated batches (CN, CHE, TCN, and TCHE) of NN chicken. Similar results were observed in the TCN group of PB-2, whereas CN, CHE, and TCHE group of PB-2 failed to demonstrate any such association (Table 9 ).
Promoter methylation of HSP 60 gene
No methylation could be detected in the promoter region of HSP 60 in both NN and PB-2. The region also displayed 67 dinucleotides and transcription factor binding sites (SP-1, AP-2, GCF, and JCV).
Promoter methylation of ubiquitin gene
Ubiquitin promoter region did not show any methylation neither in NN nor in PB-2, which contain 18 CpG dinucleotides, heat shock element, and numerous transcription factor binding sites. This includes TFII-1, CTF, CREB, E4F1, NF-S, SP-1, JCV, GCF, AP-2, and APRT.
Luciferase reporter assay
In both NN and PB-2 chicks, HSP 90 beta exhibited significantly (P ≤ 0.05) decreased activity in TCHE and significantly (P ≤ 0.05) increased activity in CHE. However, the CN and TCN groups showed homogenous results (Fig. 7) . Similar findings were noticed in HSP 90 alpha and HSP 70 of NN. However, in PB-2, these genes displayed no modifications (Fig. 8) . This outcome shows that the weak activity of HSP 90 alpha, HSP 90 beta, and HSP 70 promoter region in the TCHE group was the sequel of high levels of methylation which in turn affected the luciferase activity. On the other hand, promoter activity was strong in CHE, which was less methylated. 
2DE and MALDI-TOF
Comparative analysis between the treatments was executed using PD quest software. In NN, two new spots were discovered in TC and one in C group (Figs. 9 and 10) . However, no new protein was seen in the PB-2 17th-day embryo. On the 42nd day of age, two spots were tracked in TCN and TCHE group of PB-2 birds and the intensity of NN was indistinguishable (Figs. 11 and 12) .
The new spots identified were subjected to MALDI-TOF analysis and were identified as cytochrome p450, alpha enolase, microtubule-actin cross-linking factor 1, UMP-CMP kinase, and fructose-bisphosphate aldolase C. Protein score greater than 73 were considered as significant (Table 10 ).
Discussion
Thermal adaptation at the time of embryogenesis is a valuable option to lessen the impact of heat stress in postnatal life. Changes in the incubatory temperature induced during the late stages of embryo development have been shown to influence the neuronal thermoregulatory mechanisms at the center and periphery (Tzschentke 2007) and epigenetic temperature adaptation (Loh et al. 2004) . Though higher incubatory temperature reduces hatchability, the effect mainly depends on the duration and strength of heat exposure, apart from the phase of embryonic growth (Halle and Tzschentke 2011; Narinc et al. 2016) . Similar to the present findings, other workers too have reported no difference in hatchability (Yahav et al. 2004; Werner et al. 2010; Loyau et al. 2013; Rajkumar et al. 2015b ) in broiler and turkeys. Alteration in cFos expression in the hypothalamus (Janke and Tzschentke 2010) has been shown to be responsible for the long-lasting sequel of change in incubation temperature which provided the embryos the capacity to adjust to the shortterm rise in temperature without any ill effects on hatching.
The prenatal heat exposure did not cause any significant variation in body weight of 1-and 14-day-old chicks. The lower body weight in the CHE group during the 21-to 42-day period indicates that the birds were in a state of stress, as a result of which their feed consumption was reduced in order to lower heat production. Meanwhile, the higher body weight achieved in the TCHE group implies that embryonic thermal conditioning has had a positive impact on the birds that enabled them to mitigate the heat stress even though they were reared at a temperature of 35°C. In contrast, others had reported that increased incubation temperature did not affect growth traits in broiler chicks (Werner et al. 2010; Narinc et al. 2016; Morita et al. 2016) . Recently, Rajkumar et al. (2015b) reported higher body weight in thermal manipulated NN chicken but not in PB-2.
Thyroid hormones play a key role in the regulation of metabolism and in the maintenance of the milieu interior of birds (Mcnabb and King 1993; Renden et al. 1994) . Heat stress markedly reduces the thyrotropic axis as revealed by reduced plasma T 3 concentration (Williamson et al. 1985; Decuypere and Kühn, 1988) culminating in functional hypothyroidism (Mitchell and Carlisle 1992) . Furthermore, to reduce metabolic heat production, peripheral T 3 is maintained low during high ambient temperature (Melesse et al. 2011) . Other reports have also described a significant drop in levels of T 3 and decreased metabolic rate in thermally conditioned chicken (Piestun et al. 2011; Al-Zghoul et al. 2015; Al-Rukibat et al. 2017 ). The present observations differ from that of Rajkumar et al. (2015a) where thermal manipulation did not alter the T 3 level chicken. Heat stress kindles the hypothalamus-pituitary-adrenal axis resulting in elevated plasma concentrations of corticosterone in chicken (Zulkifli et al. 2009 ). The higher increase in corticosterone levels in heat-exposed groups in the present study is similar to other reports (Piestun et al. 2008; Melesse et al. 2011) . AlZghoul et al. (2015) had reported no change in corticosterone concentration after thermal challenge in birds that underwent thermal manipulation during the embryonic age.
Environmental stress agents evoke a cellular and molecular response in all living organisms, the most important being stimulation of HSP protein synthesis (Lindquist 1986 ). These HSPs enable the cells to conserve their metabolic homeostasis and structural integrity and also guard against stressors like heat stress, ischemia, cytotoxicity, etc. (Hagiwara et al. 2007) .
Ubiquitin has been shown to be expressed in heat shocked chick embryo fibroblasts (Bond and Schlesinger 1985) . Heat stress causes raised expression of HSP 27 and HSP 70 genes in chicken Vinoth et al. 2015) . Among all, a small HSP 27 appears to be most strongly induced by stress. Small HSP 27 oligomers aid in the confrontation of thermal challenge through their interaction with the actin cytoskeleton (Landry and Huot 1995) . Furthermore, HSP 27 multi-subunit complex also contributes to ubiquitin-mediated protein degradation.
In the present experiment, the relative mRNA expression of all HSP genes studied in brain tissue of 17-day-old embryos were upregulated in the TC group of both NN and PB-2 chicken, excluding HSP 60 which failed to exhibit any significant change in both breeds. Thus, the results imply that the raised incubatory temperature was indeed stressful to the embryos. Indistinguishable observations were made in muscle mRNA level of HSP 70 in chicks that were thermal manipulated (AlZghoul et al. 2013) , and HSP 90 and HSP 60 in muscle, heart, and brain (Al-Zghoul et al. 2015) .
The HSP's mRNA expressions in brain tissue were lower in TCHE birds of NN and PB-2, thus establishing evidence on the valuable role played by embryonic heat exposure. CHE chicks exhibited the maximum expression of all HSP genes. The heat-stressed state of CHE chicken was ascertained by the higher HSP expression when compared with the TCHE group of both NN and PB-2 lines.
The contribution of cellular mechanisms to the long-term effect of thermal manipulation is quite complex, and contradicting observations were often encountered. One school of thought suggests that high HSP expression is linked with better heat tolerance (Wang and Edens 1998; Al-Zghoul et al. 2013) while the other proposes lower levels of expression (Yahav et al. 1997 ). The present findings were in accordance with Yahav et al. (1997) and Rajkumar et al., 2015a Rajkumar et al., , 2016 wherein thermal conditioning during early age induced thermotolerance by means of enhanced adaptation, with the outcome of low degree of HSP expression. In addition, heataccustomed bovine manifested lower HSP 70 and better cell survival during heat challenge than the less adapted bovines (Kamwanja et al. 1994; Lacetera et al. 2006) . Similar speculation has been put forth in chicken by Mazzi et al. (2002) . They reported that when heat stress is targeted on heat-resistant, naked neck label rouge, their hepatic HSP 70 expression was much lesser than the full-feathered bird. The genes which serve as regulators of energy metabolism were reduced in the thermal manipulated group asserting that embryonic thermal manipulation had decreased the metabolic heat production to be capable of tolerating higher temperature scenarios at later life (Loyau et al. 2014) .
Following exposure to adverse environmental factors, animals may develop changes in the stability of their epigenomes throughout their lifetimes (Daxinger and Whitelaw 2010) . Alterations that happen during the short critical developmental period of pre-and early postnatal ontogeny are described as an epigenetic thermal adaptation. This modifies the physiological control system to cause lifelong adaptation to manage an expected postnatal environmental situation (Tzschentke and Gardiner and Frommer 1987) . In the present study, the methylation levels of HSP 90 alpha, beta, and 70 isolated from the brain tissue of 17-day-old embryos failed to express any significant difference between the C and TC treatments of both NN and PB-2 chicken. The methylation level in all HSP promoter regions was numerically lower in TC and their mRNA expression was higher. This is consistent with the findings of Yossifoff et al. (2008) where thermal conditioning of early-age birds caused transient changes in the mRNA expression of brain-derived neurotrophic factor that coincided with the changes in the CpG methylation pattern of the promoter region.
The present study results clearly demonstrated a higher methylation level of HSP 90 alpha, beta, and HSP 70 in TCHE compared to CHE and was related to their mRNA expression at 42 days of age. In NN birds, mRNA expression was lower in TCHE and higher in CHE. A similar observation was made in chicken (Li et al. 2011 ) and bovine (Su et al. 2014) where promoter methylation acts as a repressive epigenetic marker which downregulates gene expression. This is consistent with the studies of Gan et al. (2013) where an inverse relationship between mRNA expression and methylation in the promoter region of HSP 70 in leg muscle of chicken when subjected to a stressful condition was described. However, no such relationship could be made out with respect to HSP 90 alpha and HSP 70 gene in the treatment groups of PB-2 chicks except TCN group. This may be due to the effect of breed or tissue studied and the different function of genes.
In the present study, the overall methylation frequency of HSP 70 was significantly higher in PB-2 and lower in NN. According to Xu et al. (2007) , the overall methylation varied among the different tissues and strains of chicken, which could be assigned to gene expression and the developmental stage of tissue. The individual CpG dinucleotide profile of HSP 90 alpha, beta, and HSP 70 gene of both NN and PB-2 of this study revealed differential methylation patterns among the treatment groups.
In the present study, transcription factor binding sites were also noticed in the promoter region of HSP 90 beta (APRT, SEQ-1, AP-2, UCE, PEBP-2, GCF, and SP-1) and HSP 70 (CTF, T-Ag, and SP-1). Methylation at specific CpG positions may exert an influence over the affinity exerted by specific transcription factors toward the DNA molecule (Deaton and Bird 2011) .
The 17th-day embryos and 42-day-old chicken of both NN and PB-2 demonstrated no methylation in the HSP 60 and ubiquitin promoter regions containing 67 and 18 CpG dinucleotides, respectively. Similar results were obtained by Rocamora and Agell (1990) where liver tissue was almost unmethylated in the 5′ non-coding region of ubiquitin gene which contains the heat shock promoter element. In a study conducted using microarray, the muscle tissue of wild and domesticated chicken did not show any methylation in the proximal promoter region of the genes responsible for growth and development (Li et al. 2015) . There is evidence that the (Macleod et al. 1994) . This implies that the transcription factor binding site and their regulation during the developmental stage is necessary for the establishment of the DNA methylation-free state. Luciferase reporter gene assay was chosen to evaluate the function of HSP 90 alpha, beta, and HSP 70 promoter regions which contained differentially methylated CpG dinucleotides in the different treatment groups (CN, CHE, TCN, and TCHE) of both NN and PB-2 at 42 days of age. This study finding suggests that promoter function was affected in TCHE compared to CHE in all the HSP genes of NN birds, while CN and TCN groups maintained at 25°C demonstrated similar activity in their promoter regions. High levels of methylation could be the cause for the weak activity of HSP 90 alpha, HSP 90 beta, and HSP 70 promoter regions in the TCHE batch, which in turn affected the luciferase activity. However, promoter activity was strong in CHE, which was less methylated. The higher promoter activity of all the HSP genes of CHE was functional in enhancing transcription factor binding and in amplifying the synthesis of HSP. This was also related to the low methylation status. In contrast to CHE, the activity of promoter region and the resultant transcription factor binding was less in TCHE birds which were thermally manipulated at the embryonic stage; this reflects their stress-free condition. The promoter activity was insignificant in all HSP genes (HSP 90 alpha, beta, and HSP 70) of the PB-2 breed; nonetheless, Mean ± SE with different superscripts in a gene differ significantly (P < 0.05) Fig. 10 2-DE of thermal conditioning on NN embryo the trend in NN was followed here, too. Due to the presence of numerous CpG dinucleotides and since transcription factors were covered in the promoter regions of HSP genes studied, we failed to discriminate which CpG dinucleotide and transcription binding factor are responsible for the epigenetic adaptation. Further research is needed to study the individual CpG dinucleotide expression.
Two-dimensional gel electrophoresis
Earlier studies have discussed about the differential expression of proteins due to abiotic challenges such as heat (Tomanek and Zuzow 2010) , drought (Durand et al. 2011; Kang et al. 2012) , salt , cold (Yan et al. 2006) , and oxidative stress (Turk et al. 2012 ) using proteomics-based technologies. In 17th-day NN embryos, 402 spots were analyzed using PD quest software, with the discovery of two new spots unique to TC group and one new spot in C group which was absent in TC. Nevertheless, no new protein could be seen in the PB-2. At 42 days of age, the consistency of protein was nil in the observations made. However, two new spots were detected in the TCN and TCHE groups of 42-day-old PB-2 birds. To confirm the protein, peptide sequencing was performed and bioinformatics analysis made with the help of NCBInr or Swiss-Prot database using MASCOT-PMF program (Table 10 ). Protein score greater than 70 was considered significant (P ≤ 0.05), and they were cytochrome p450 and alpha enolase in TC group, microtubule-actin cross-linking factor-1 in C group of 17th-day embryos, and UMP-CMP kinase and fructosebisphosphate aldolase C in 42-day-old TCHE and TCN chicks, respectively. The higher protein expression of alpha enolase (ENO1) in TC birds with reduced or absent expression in C group resembles the observations made by Zeng et al. (2013) , who reported enhanced alpha enolase activity in heat-stressed Muscovy and Pekin ducks. Alpha enolase (ENO1) has a key role in the development of stress responses (Ji et al. 2016) . Proteomic studies on the mechanisms underlying the development of cellular stress responses have shown that ENO1 is one of the proteins that are expressed differentially before and after stress exposure. In order to accustom to high temperatures and glucose deprivation, specific proteins such as heat shock proteins and glucose-regulated proteins like ENO1 are expressed at the cellular level (Young and Elliott 1989) . Another enzyme, cytochrome p450, which is responsible for synthesizing various hormones including progesterone, was upregulated in the TC group embryos. McCracken et al. (2015) suggested that adverse reproductive outcomes may be encountered due to heat stress because of the reduction of enzymes essential for progesterone breakdown. The decreased mRNA expression of cytochrome p450 in heat-stressed laying hens may affect their ovaries (Rozenboim et al. 2007 ). However, this contradicts the current findings. A 600-kDa spectraplakin called microtubule-actin cross-linking factor synchronizes the cytostructural response to environmental cues by guiding the microtubules along actin stress fibers (Wu et al. 2008 ) and regulates cardiomyocyte microtubule distribution and adaptation to hemodynamic overload (Fassett et al. 2013) . The genes encoding glycolytic enzymes such as fructose-bisphosphate aldolase C (ALDOC) are expressed in nearly every animal cell; they are crucial in cellular ATP production during hypoxia . The transcriptional level of the ALDOC gene was seven to nine times higher in embryos that grew normally compared to the dead embryos of Tibetan and White Leghorn chicken ). The enzyme UMP-CMP kinase is involved in both the de novo and salvage pathways of nucleosides and catalyzes the synthesis of UTP, CTP, and dCTP (Pasti et al. 2003) , and it was highly expressed in human liver, pancreas, and muscle tissues (Rompay et al. 1999 ). This study concludes that thermal conditioning during embryogenesis has a positive impact and improves their thermotolerance capacity in postnatal life, as revealed by the reduced expression of HSP genes and proteins in colored broiler chicken. Changes in the methylation level of HSP promoter region involved in heat stress might serve as an important factor contributing to epigenetic adaptation.
